silicosis, chronic bronchitis, certain connective tissue disorders, and lung cancer 3, 4) . Also, dust generated at the work place gets dispersed in the vicinity of the factory and causes health risks to the public and degradation of the environment.
Cyclones are among the oldest types of industrial particulate control equipment and air sampling devices. Their simple design, low maintenance costs, and adaptability to a wide range of particles sizes and flow rates make cyclones one of the most widely used particle removal devices 5) .
Spray scrubbers consist of an empty cylindrical or rectangular chamber in which the gas stream is contacted with liquid droplets generated by spray nozzles. A common design has the particle-laden gas flow upward through a tank or successive tanks that have spray nozzles. Such scrubbers generally consume relatively small amounts of energy, because the pressure drops the scrubbers are generally less than 2.5 cm (1 in) of water 5, 6) .
Until now, many experimental investigations have been performed either on industrial cyclone separators or on scrubbers [7] [8] [9] [10] [11] [12] [13] [14] . However, no information is available on the application of the cyclone with a spray scrubber for the removal of silica compounds from air.
According to Islamic Republic of Iran regulations, the emissions of free silica particles in workplaces and to the environment should not exceed the permissible limits.
We installed LEV devices equipped with conventional cyclones and spray scrubbers at the 29 factories between March 2004 and July 2006. The objective of this research is to evaluate the performance of a traditional cyclone with a spray scrubber for the removal of airborne silica particles in LEV devices designed for stone crushers.
Subjects and Methods
Two LEV systems were conceived, designed, fabricated, and installed for each industrial unit according to the recommendation given by America Conference Governmental Industrial Hygiene (ACGIH) 15) . The first branch of the LEV system was designed for a rotary grinder and a hopper. The second branch was designed for screenings I and II. Two traditional cyclones and one spray scrubber were designed for the removal of silica particles in each branch. Figure 1 shows a photograph of the two systems in a stone crushing unit in the Azanderian area. The flow rates in first and second branch were 19,800 and 27,000 m 3 /h, respectively. The traditional cyclones were designed according to the Lapple model 16) , and two were designed for each branch. The diameters of the cyclones in the first and second branches were determined to be 1.2 and 1.4 m, respectively. Figure 2 shows the cyclones designed for branch 1. The main dimensions of the device, which are illustrated in Fig. 2 and in part A of Fig. 3 , will be referred to throughout the remainder of this text as follows: the cylindrical body has a diameter Dc and a height h; the conical section has a height Z and ends at the solids outlet that has a diameter B; the gas entry port is rectangular, and its dimensions are height a and width b; the exit duct, also called the vortex finder, has a diameter De and starts at a distance S from the top of the cylindrical body; the cyclone has a total height H.
The dimensions of the cyclones in the first and second branches, based on the Lapple model, are shown in Table 1 .
The spray scrubber was designed to allow a gas velocity of 1.01-1.52 ms -1 inside the scrubber. The diameter of the cyclone was calculated from the following equation:
where: Q = Flow rate (m 3 s -1 ) d = Diameter of scrubber (m) The diameters of the scrubbers in the first and second branches were 2.1 and 2.7 m, respectively, as shown in Fig. 3 part B for the first branch. The water consumption in each scrubber was 37.85 liters per 0.472 m 3 s -1 gas at STP.
Two type I stone crushers and two type II stone crushers were selected to obtain isokinetic samples for the evaluation of the system. In both LEV branches, samples were obtained before the cyclone, after the cyclone, and in the stack. A total of 96 isokinetic samples was obtained in one month. Four replications were conducted for each sample, to obtain an average emission concentration. The points and site position of the samples in each branch were selected based on EPA recommendations 17, 18) .
Isokinetic sampling probes were used to measure the representative particle concentrations upstream and downstream from the cyclones, and the particle concentrations downstream from the scrubber. The inlet and outlet concentrations of dust particles were measured by using a small pump to aspirate the sample into a probe that was connected to the fiberglass filter holder. For each test, the sampling time was two minutes. The mass of all samples collected was determined gravimetrically using EPA method 17) . Filters were equilibrated in desiccators for a minimum of 24 h prior to obtaining the final tare weight.
A pitot tube with a manometer was used to monitor static pressure and velocity pressure at the sampling site.
The total collection efficiency for the cyclone and scrubber was calculated on the basis of total mass collected as shown in the following equation where EF = overall collection efficiency W1 = total inlet loading (mg) W2 = total emissions (mg)
The data were analyzed using the statistical package SPSS Version 13.0 for Windows.
To evaluate the normality distribution of variables, a one-sample Kolmogorov-Smirnov test was performed. To determine the effect of pre-cyclone concentration on cyclone efficiency, a quadratic regression model was applied.
Results
The results of the analysis of isokinetic samples in both LEV systems in industrial units are shown in Table 2 . The efficiency of the cyclone in removing dust particles from the LEV system was 81-97 percent, and the efficiency increased to 92-99 percent when the spray scrubber was used (Table 2 ). There was a significant difference (p<0.05) between the concentration of particles at the outlets of the cyclones in LEV1 and LEV2 the type I stone crusher and the type II stone crusher. However, no significant difference was observed between the concentration of particles at the inlet of the cyclones in the two systems. The efficiency of the traditional cyclone used in LEV2 was greater than the traditional cyclone used in LEV1. The total pressure drop for the traditional cyclone and spray scrubber combination was in the range of 772.17-1,120.90 Pa. Figure 4 shows the scatter diagrams between inlet concentration to the cyclone and the efficiency of the cyclone. There was a significant correlation between the concentration in the inlet to the cyclone and the efficiency of the cyclone. As inlet concentration increased, the removal efficiency also increased. The coefficient of the fitted regression model between inlet concentration to the cyclone and the efficiency of the cyclone was r 2 = 0.85. The equation for the fitted model is: Cyclone efficiency = 75.08 + 6 × 10 -3 (inlet concentration to cyclone) -4 × 10 -7 (inlet concentration to cyclone) 2 .
Discussion
This study was undertaken to evaluate the performance of a cyclone with a spray scrubber for the capture and removal of silica particles in from the various processes in the stone crushing industry. The results of this study showed that using a traditional cyclone with a scrubber has significant effect on the removal of particles from the LEV system. The mean value of outlet concentration from the stack for the type I stone crusher was approximately 44-130 mg m -3 , and, for the type II stone crusher, this value was approximately 64-130 mg m -3 during 8-10 working hours, which is less than the one-year standard permissible limit of 120 mg m -3 over 24 h recommended by the Iranian Environmental Protection Agency 19) . The mean outlet concentration of the cyclone in most stone crushing plants is more than 250 mgm -3 , but adding a spray scrubber reduces the concentration to a level that is below the permissible limit.
In addition to the system's high particulate removal efficiency, its low pressure drop minimizes the system's use of electricity during the removal of the particulate matter, which is of prime importance.
The total pressure drop for a traditional cyclone and spray scrubber was 772.17-1,120.90 Pa for control of particles in stone crushing, which is less than pressure drop than other equipment used to remove particles from air streams. Other important equipment used to control dust particles in the air are high efficiency cyclones, venturi wet scrubbers, fabric filters, and electrostatic precipitators 5) . If any of these techniques were designed for the stone crushing industry, the pressure drop would be significantly greater and the electricity cost would be high-CONTROL OF AIRBORNE SILICA PARTICLES er than those of the traditional cyclone with spray scrubber.
The efficiency of the traditional cyclone used in the LEV2 system was greater than the efficiency of the traditional cyclone used in the LEV1 system, which may be related to the dimensions of the cyclone. The ratio of the height of the cylinder to the height of the cone for LEV2 and LEV1 was 1.17. The cyclone collection efficiency was directly affected by the height of the cylinder and the height of the cone of the cyclone 9, 12) . According to the Lapple model, an increase in the height of the cyclone causes an increase in the number of effective turns, which creates more space for the particles to be collected in the cyclone 16) .
In recent research 20) , we used X-ray diffraction (XRD) to evaluate the respirable dust and quartz in stone crushing factories after the installation of the LEV system. The efficiency of the LEV system in controlling particles inside industrial units was greater than 99%. The results of personal sampling showed that the concentrations of respirable dust that workers were exposed to in the process, hopper, and driver areas were 1.90, 2.22, and The inlet and outlet concentrations and the sizes of the particles in the cyclone were determined in isokinetic sampling probes using a cascade impactor with 21-mm fiberglass filters connected to a sampling pump 21) . The results of measurement of particle size in the cyclone showed that, for diameters of <1, 1-5, and 5-10 µm, the cyclone's collection efficiencies were 60, 88, and 90, respectively.
There has been some research on the efficiency of traditional cyclone, but we could not find any research concerned with the traditional cyclone combined with a spray scrubber. According to the research conducted by Texas A&M University (TAMU), the 2D2D cyclone (traditional cyclone) is the most efficient collector of fine dust. In another research project, Wang, et al. reported that the 2D2D cyclone had a high efficiency for both fine dust and large trash 10) .
There was a significant correlation between the inlet concentration of particles entering the cyclone and the collection efficiency of the cyclone. As the inlet concentration increased, the collection efficiency also increased. This can be related to the facts that more particles collide with the walls of the cyclone 22) and more particles collide with each other inside the cyclone. When the particles collide with each other, their velocities are decreased, and, therefore, they are more likely to settle in the collection bin of the ncyclone.
In the present study, we were limited in our ability to analyze particle sizes at the inlet and outlet of the cyclones and at the outlet of the scrubbers because the particle size counter was not available. This will be dealt with in later research 21) .
Conclusions
It is concluded from this research that applying a traditional cyclone with a spray scrubber has a significant effect on the removal of silica particles from LEV systems. Total pressure drop of the current process was less than the pressure drops for other control equipment, which is significant because this reduces the consumption of electricity and reduces the associated operational costs.
